Introduction
It is well established that chlorine compounds are an essential factor for catalytic ozone depletion that leads to the formation of the ozone hole in Antarctica. The understanding of conversions from the passive chlorine reservoirs (HC1, C1ONO2) into active forms (C1, C10, C1202) and back is important to quantify the ozone depletion. In this paper, the reformation of the chlorine reservoirs is investigated. After the chlorine-activating polar stratospheric clouds (PSCs) have evaporated due to the temperature increase in the Antarctic spring, the conversion back to chlorine reservoirs takes place. For low ozone mixing ratios, typical of the Antarctic lower stratosphere in early spring, the rapid formation of HC1 by the reaction CI+CH4 is favored over C1ONO2 formation via C10+NO2, which is more typical in the northern hemisphere [Prather and Jaffe, 1990; Douglass et al., 1995] . This increase of HC1 mixing ratios is observed by tios measured by HALOE were used. Diabatic descent of air inside the polar vortex results in lower CH4 mixing ratios on a specific isentropic surface than for air parcels outside, indicating their origin from higher altitudes [Russell et al., 1993b] . Figure 1 shows HALOE CH4 mixing ratios in October as a function of potential vorticity (PV) on the 460 K isentropic surface, derived from United Kingdom Meteorological Office (UKMO) wind and temperature data. Airmasses with high negative PV, located inside the vortex, are correlated with low CH4 mixing ratios. On the chosen potential temperature level of 460 K, airmasses with a CH4 mixing ratio below 1.0 ppmv are assumed to be inside the vortex. HALOE generally measured very low Oa mixing ratios (down to 0.1 ppmv) and low mixing ratios of NOx (:=NO+ NO2) down to 0.15 ppbv inside the vortex. The re-formation of the chlorine reservoir HC1 can be seen in the HALOE measurements. A time series of vortex HC1 mixing ratios from September 11 to October 18 on the 460 K potential temperature level is displayed in Figure 2 . Very low HC1 mixing ratios below 0.3 ppbv are measured within the vortex in mid-September, increasing to 2.7 ppbv within 1 month. During this period, the HC1 mixing ratio outside the vortex (CH4 > 1.2 ppmv) stayed almost constant at about 1.0 ppbv (not shown). This indicates the typical high chlorine activation within the vortex in early spring followed by an almost complete conversion of active chlorine species into HC1, because the observed final HC1 mixing ratios correspond to the mixing ratio of total inorganic chlorine Cly (:=HCl+C1ONOe+HOCl+ C1+C10+2.C1202) at this altitude. Thus, the other chlorine reservoir species C1ONO2 was also converted into HC1. In the figure, different ozone mixing ratios are plotted with different symbols indicating that the HC1 mixing ratios increase faster for low ozone mixing ratios. The HC1 increase rate is estimated by a linear fit to the HALOE data in each ozone mixing ratio bin (see legend in Figure 2) . The time range of the fit (September 24 to October 18) corresponds to that of the fourth ASHOE deployment when trajectory calculations were available. Note however, that this is only an estimate of the increase rate of HC1 mixing ratios since observations grouped within the same ozone mixing ratio bin do not represent the same air parcel but similar airmasses, yet the trend in the data is obvious. The fitting errors of the HC1 increase rate lie between 10 and 15% (1 cO. The accuracy of the HALOE HC1 data is about 15-20% at this altitude .
Although the latitude of the HALOE observations changes with time between 56øS and 73øS, the data are comparable since only vortex measurements were chosen. The systematic uncertainty that could arise from the latitude sampling of the HALOE instrument was estimated from simultaneously measured HF and derived Cly data. On an isentropic level, Cly generally increases with latitude. This may overestimate the HC1 increase rate by up to 20%. On the other hand, if the data equatorward of 60øS (September 28 to October 1) were left out of the linear fit, the derived HC1 increase rates rose by up to 12%. The overall uncertainty of the derived HC1 increase rate due to data accuracy (20%), latitude sampling (20%) and line fitting error (15%) is of the order of 30-40%.
The observed HC1 increase rate is unlikely to be caused by dynamical processes: The diabatic descent inside the vortex or at the vortex edge could transport HCl-rich air down to the 0=460 K level. However, in order to explain the observed HC1 increase rate, diabatic cooling rates of about 6 K/d would be needed and the maximum cooling rates are lower by about a factor of 10, as estimated from calculations at 70 hPa on October 6, 1994 using the Shine radiative heating code [Shine, 1987] In these calculations, 95% of the trajectories stayed within a range of •12 ø in longitude, •2.5 ø in latitude, and •5 K in potential temperature, respectively. Thus, diabatic descent is not a significant error source. Furthermore, the prediction of the exact location of the single air parcels is not critical to this study, since no coincidences with other data are used.
Initialization of Chemical Species
The corresponding to the C1ONO2 collar that was observed in aircraft measurements [Toon et al., 1989 ], whereas at 75 o S, the partitioning was opposite, only 6% of the C1OX being C1ONO2. Thus the exact partitioning of the C1OX species is not clear from the 2-D model and is likely to be between the two cases. To account for this problem, two extreme possibilities of initial partitioning within C1OX were selected: In the reference calculation, the partitioning ratio was taken from the corresponding 2-D latitude (vortex edge), which might be an overestimation of C1ONO2. In contrast, sensitivity calculations were performed in which all C1OX was initialized as C10 to simulate air inside the vortex core where most of the chlorine was in the active form C10 and its dimer. mixing ratio of 0.53 ppmv resulting from catalytic destruction in the ozone hole. It has a high initial C1ONO2 mixing ratio and a low C10 mixing ratio derived from the 2-D model partitioning of C1OX. C10 is produced during daytime by C1ONO2 photolysis. During nighttime, C1ONO2 is formed due to recombination with NO2. The conversion of C1OX species into HC1 during the modeled time is clearly seen in the simultaneous C1ONO2 decrease and HC1 increase. The decomposition of C1ONO2 also causes an increase in NOx mixing ratios.
Due to low water vapor mixing ratios and higher temperatures, none of the trajectories in this study reached temperatures below the ice frost point (•ce=183.3 K (185.6 K) for 50 hPa and 2.0 (3.0) ppmv H20), which are needed to form crystalline PSC particles (ice, NAT, SAT). However, heterogeneous chemistry on the ternary liquid aerosol is still important in some trajectories. In this example, a minor heterogeneous reactivation of chlorine on day 4 (September 28) is calculated at temperatures around 188 K. For the given gas phase mixing ratios in this example (1.9 ppmv H20, 1.7 ppbv HNO3), the typical lifetime of HC1 due to the fastest of the heterogeneous reactions, HCl+C1ONO2, is about 2 days at the minimum temperature T=188 K. This is HC1 increase rate for ozone mixing ratios between 2 and 3 ppmv (corresponding to vortex edge) is lower by a factor of 4 or more compared with the HALOE observations. This discrepancy is subject to further investigation in the following section, in which the sensitivity of the model results to various model input parameters is investigated. In particular, the discrepancy between the model results and the HALOE observations of the HC1 increase rate will be discussed. The HC1 increase rate for very low ozone mixing ratios (below 0.2 ppmv) cannot be compared to the HALOE observations sufficiently because of limited data sampling.
Sensitivity Studies
The influence of many model input parameters and assumptions in this calculation was tested. The sensitivity of the calculations to the denitrification assumption, aerosol amount and partitioning within the C1OX species for initialization is described in this section. Furthermore, the influence of the additional HCl-yielding branches of the reactions of OH and HO2 with C10 is discussed. The HC1 increase rates as a function of ozone mixing ratios for all trajectories of these sensitivity calculations are displayed as triangles in Figure 4 . The calculated mean HC1 increase rates are about 50% higher compared with the reference calculations, but the general behavior in the dependence on ozone mixing ratio does not change. The discrepancy between modeled and observed HC1 increase rates cannot be solved by these calculations. In 1987, the most pronounced observed denitrification was 90%; however, a stronger denitrification would lead to lower HC1 increase rates and is not probable in the vortex edge region.
Liquid Aerosol Abundance
The results of the calculations are sensitive to the aerosol loading since heterogeneous reaction rates are proportional to the aerosol surface area. The aerosol amount used in the reference calculation (0.25 ppbv H2SO4 in the aerosol, particle density 10 cm -3) corresponds to background aerosol surface areas of about 1.5 pm2/cm 3 that are consistent with observed quantities during the ASHOE campaign (J.E. Dye, personal communication, 1996). Heterogeneous chemistry on the sulfate aerosol plays a key role in chlorine activation, and it is important to look for renewed heterogeneous chlorine activation during the deactivation period. A sensitivity calculation was performed by doubling the total H2SO4 mixing ratio. The results are plotted in Figure 6 for the above example trajectory. In the case of enlarged aerosol amount, more HC1 is converted back into active chlorine, which slows down the mean HC1 increase. The higher C10 values lead to more ozone destruction through the catalytic chlorine cycles as well as to higher C1ONO2 concentrations.
Lower NOx values are calculated because of an increased reaction rate of NO2 with C10 (R7).
The trajectories show a slower HC1 increase for enlarged aerosol content. The mean HC1 increase rate for all trajectories of this sensitivity calculation is plotted as diamond symbols in Figure 4 . For most trajectories, the HC1 increase rate decreases by up to 25% compared with the standard calculation.
Initial CIOX Partitioning
As discussed above, there is no information in the HALOE data about the initial partitioning of the C1OX species. In the standard calculation, the C1OX partitioning was taken from Clearly, more ozone destruction is seen in these calculations due to higher concentration of active chlorine that is involved in catalytic destruction of ozone. Figure 7 shows the development of species for the two extreme initial conditions. After about 10 days, C10 and C1ONO2 levels have reached about equal values in both runs. After day 10, a faster recovery of HC1 is seen in the high C10 case due to lower ozone mixing ratios. At the beginning of the trajectory, a fast complete titration of the available NOx by C10 yielding C1ONO2 takes place. Both effects compete against each other: In the beginning, higher C10 mixing ratios cause slower HC1 recovery (see equation (5) So far, we conclude that the sensitivity of the HC1 increase rate to the uncertain input parameters is small compared with the discrepancy between the model and HALOF, data. However, the discrepancy between the observed and calculated HC1 increase rate might be resolved by incorporating the additional reactions described now. 
Summary
Calculations with the linked NASA Langley Research the higher C10 concentrations cause a higher efficiency of Center trajectory model and Mainz photochemical box modthe reactions (R8) and (R9). Therefore, an even faster increase of the HC1 mixing ratios is seen, which gives the best agreement of all sensitivity calculations. However, the calculated HC1 increase rates in both cases are still lower than the HALOE observations. This suggests that reactions (R8) and (R9) may indeed take place in the stratosphere and might even have larger partitionings than used here. A more exact determination of the branching ratios by laboratory measurements would reduce this uncertainty in model calculations.
There may also be other error sources which could cause part of the discrepancy. The calculations were used to analyze stratospheric chemistry changes in the polar vortex at the end of the period of heterogeneous chlorine activation and chlorinecatalyzed ozone destruction; in particular, the observations and calculations of the HC1 recovery were studied. The HC1 increase rates depend on the ozone mixing ratios, with faster HC1 increase at lower ozone mixing ratios. High HC1 increase rates of more than 0.1 ppbv/d were found for ozone mixing ratios below 0.5 ppmv. A complete conversion of all available C1OX into HC1 is seen in both the box model calculations and the HALOE observations. For ozone mixing ratios above 1 ppmv a quantitative discrepancy of the HC1 increase rate between calculations and HALOE observations was found. The sensitivity of the box model results to the assumption of denitrification, to the sulfate aerosol amount, and to the C1OX initialization was investigated. None of the three could (completely) explain the discrepancy in HC1 increase rate for high ozone mixing ratios. The discrepancy may be resolved by HCl-yielding branches in the reactions of OH and HO2 with C10.
